Chondroitin sulfate proteoglycans (CSPGs) of the extracellular matrix help stabilize synaptic connections in the postnatal brain and impede regeneration after injury. Here, we show that a CSPG of the lectican family, versican, also promotes presynaptic maturation in the developing brain. In the embryonic chick optic tectum, versican is expressed selectively by subsets of interneurons confined to the retinorecipient laminae, in which retinal axons arborize and form synapses. It is a major receptor for the Vicia villosa B 4 lectin (VVA), shown previously to inhibit invasion of the retinorecipient lamina by retinal axons (Inoue and Sanes, 1997). In vitro, versican promotes enlargement of presynaptic varicosities in retinal axons. Depletion of versican in ovo, by RNA interference, results in retinal arbors with smaller than normal varicosities. We propose that versican provides a lamina-specific cue for presynaptic maturation and discuss the related but distinct effects of versican depletion and VVA blockade.
Introduction
The vertebrate CNS was long believed to bear little, if any, extracellular matrix (ECM) and to lack the molecular species that comprise the ECM of non-neural tissues. Over the past 15 years, however, this view has changed, and it is now clear that the CNS bears a rich matrix in both embryos and adults and that its components play numerous roles in neuronal development, function, and plasticity (for review, see Sanes, 1993; Bandtlow and Zimmermann, 2000; Yamaguchi, 2000; Dityatev and Schachner, 2003) .
Prominent components of the ECM of the brain are chondroitin sulfate proteoglycans (CSPGs) of the "lectican" family: aggrecan, brevican, neurocan, and versican (Bignami et al., 1993; Matsui et al., 1998; Milev et al., 1998; Schmalfeldt et al., 1998; Hagihara et al., 1999; Yamaguchi, 2000; Matthews et al., 2002; Popp et al., 2003 Popp et al., , 2004 . Recent studies have implicated lecticans in two phenomena in the postnatal brain. First, they are components of "perineuronal nets" that ensheath many neurons (Celio et al., 1998) . These nets appear postnatally, around the time that synaptic connections stabilize, and they appear to participate in the stabilization process (Hockfield et al., 1990; Dityatev and Schachner, 2003) . Second, their expression by glial cells is upregulated after neural injury, and they are incorporated into glial scars that appear to hinder regeneration (Asher et al., 2002) . In support of the involvement of CSPGs in these processes, infusion of chondroitinase into the CNS restores synaptic plasticity to mature animals (Pizzorusso et al., 2002; Tropea et al., 2003; Berardi et al., 2004) and promotes regeneration of central axons after injury (Moon et al., 2001; Bradbury et al., 2002) . In addition, because upregulation of lecticans after neural injury is most prominent in regions of inflammation or blood-brain barrier breakdown, it has been suggested that they play a neuroprotective role in limiting secondary injury (Rhodes and Fawcett, 2004) .
Lecticans are present in the embryonic as well as the postnatal brain (Margolis and Margolis, 1993; Bandtlow and Zimmermann, 2000; Silver and Miller, 2004) , and they exert a striking inhibitory effect on neurite outgrowth in vitro (Schmalfeldt et al., 2000; Schweigreiter et al., 2004) . In contrast to growing knowledge about roles of lecticans in the postnatal brain, however, little is known about their roles in embryonic neural development. Here, we provide evidence that one lectican, versican, promotes presynaptic differentiation. Our study was motivated by our previous observation that a plant lectin, Vicia villosa agglutinin-B 4 (VVA), selectively stains the retinorecipient laminae of the tectum in which retinal ganglion cells (RGCs) form their terminal arbors (Yamagata et al., 1995) . VVA stains the retinorecipient laminae both before entry of RGC axons and during the embryonic period when they are forming synapses. Moreover, application of VVA to developing tecta impedes ingrowth of retinal axons (Inoue and Sanes, 1997) . We began the present study by attempting to identify the tectal molecules recognized by VVA. We found that versican (also known as PG-M) is the major VVA ligand in the retinorecipient laminas. Based on this result, we analyzed the expression of versican in the tectum, reassessed its effects on retinal neurites in vitro, and used RNA interference (RNAi) to test its function in vivo. We report here that versican is expressed by a heterogeneous subset of neurons in the retinorecipient laminae and that it promotes maturation of presynaptic varicosities within the retinal arbors that innervate those neurons.
Materials and Methods

Isolation and characterization of VVA-binding molecules from the tectum.
To identify VVA-reactive species, one embryonic day 14 (E14) tectum was cultured in 35 S-methionine-containing DMEM and 10% fetal calf serum in 5% CO 2 for 15 h and homogenized with 5 ml of NET buffer (0.5% NP-40, 0.15 M NaCl, 10 mM EDTA, and 50 mM Tris-HCl, pH 7.4). The lysate was centrifuged at 10,000 ϫ g, and the supernatant was incubated with VVA-coupled agarose or unconjugated Sepharose 4B (Sigma, St. Louis, MO) at 4°C for 15 h. The columns were washed with NET buffer and eluted with 50 mM Tris-HCl, pH 7.4, plus 10 mM N-acetylgalactosamine (GalNAc) or N-acetylglucosamine (GlcNac). All solutions were supplemented with protease inhibitors (Complete; Roche, Indianapolis, IN). Eluted material was precipitated with 3 vol of 95% ethanol containing 1.3% potassium acetate and analyzed by SDS-PAGE and fluorography (Amplify; Amersham Biosciences, Piscataway, NJ), using either 5% or 5-15% gradient gels.
To isolate VVA-binding molecules, 300 E14 -E15 tecta were homogenized with NMT buffer (0.5% NP-40, 0.15 M NaCl, 10 mM MgCl 2 , and 50 mM Tris-HCl, pH 7.4) and centrifuged at 10,000 ϫ g. The supernatant was incubated with Sepharose 4B to remove agarose-binding molecules and applied to a 5 ml VVA-agarose column. The column was washed with NMT buffer and eluted with 10 mM GalNAc and 50 mM Tris-HCl, pH 7.4. The chromatographic fractions were assayed by applying 10 l aliquots to a nitrocellulose membrane and using biotinylated VVA and horseradish peroxidase-conjugated streptavidin (Vector Laboratories, Burlingame, CA) to detect VVA-binding moieties (dot blotting). Unabsorbed material was reapplied to the column twice to increase the yield of VVA-binding material. Eluate fractions containing VVA-binding material were combined, concentrated by ethanol precipitation, and subjected to gel electrophoresis. A Coomassie blue-stained band centered at ϳ500 kDa (ϳ0.5 g of protein) was excised, subjected to in-gel tryptic digestion, and analyzed by mass spectroscopy [matrix-assisted desorption ionization-mass spectrometry (MS) and nanospray MS/MS) at the Keck Facility at Yale University (New Haven, CT).
Proteoglycans were purified from 200 E14 -E15 tecta by the method of Hascall et al. (1994) . Tecta were homogenized in 20 ml of 4 M guanidium chloride and 50 mM Tris-HCl, pH 7.5, supplemented with protease inhibitors (Complete; Roche). The homogenate was centrifuged at 15,000 ϫ g to remove debris, CsCl was added to a density of 1.35 g/ml, and material was fractionated by two rounds of isopycnic centrifugation. Material between 1.45 and 1.50 g/ml was collected in both rounds and dialyzed against water. Staining with Alcian blue revealed material that barely entered the separation gel (probably Ͼ1000 kDa) and transferred poorly, if at all, to polyvinylidene difluoride membranes (NEN, Boston, MA). This material was analyzed by digestion with protease-free chondroitinase ABC (Seikagaku, Tokyo, Japan) and staining with Coomassie blue or immunoblotting with an antibody that reacts with carbohydrates generated by chondroitinase ABC treatment (anti-chondroitin sulfate stub antibody 1B5) (Caterson et al., 1985) . In the digest, the major Coomassie blue-positive band migrated at M r ϳ500,000 and corresponded to the only major 1B5-positive band, indicating that CSPGs were the major components of these fractions.
Histology. Tissue was fixed with 4% paraformaldehyde, sectioned at 20 m in a cryostat, and stained with antibodies as described by Yamagata et al. (1995) . The antibodies used in this study were as follows: glutamine synthetase (a gift from Paul Linser, University of Florida, Gainesville, FL) (Linser and Moscona, 1981) ; anti-retroviral gag protein (AMV3C2), SV2, and anti-synaptotagmin (mab 48; all from Developmental Studies Hybridoma Bank, Iowa City, IA); anti-postsynaptic density-95 (PSD-95; Affinity Bioreagents, Golden, CO); anti-gephyrin (clone 7a; Connex, Martinsried, Germany); and anti-L1/NgCAM antibody H23 (produced in our laboratory) (Herman et al., 1993) .
In situ hybridization was performed as described by Yamagata et al. (2002) using 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium or the tyramide signal amplification system (TSA Plus system; PerkinElmer, Wellesley, MA).
Retinal arbors were labeled by application of DiI to the optic tract, as described by Yamagata and Sanes (1995a) .
Images were obtained on an Axioplan (Zeiss, Thornwood, NY) and processed by Adobe Photoshop or analyzed using Image J or Volocity (Improvision, Lexington, MA).
Retroviral vectors for RNAi. To suppress versican expression in ovo, we modified replication-competent RCAS-BP vectors (Hughes et al., 1987) to express small duplex RNA sequences from an H1 RNA polymerase III promoter (Brummelkamp et al., 2002) . The vector design is shown in Figure 3a . The unique ClaI site in the RCAS-BP vectors was disrupted by digestion, treatment with Klenow, and religation. A new ClaI site was then created in the 3Ј long terminal repeat (LTR), three bases after an integrase recognition sequence (ATGTAGTC) (Mumm and Grandgenett, 1991) , generating RCAT-BP vectors.
To insert potential interfering sequences into the RCAT-BP vectors, the H1 promoter, and associated BglII-HindIII cloning sites, obtained from pSUPER (OligoEngine, Seattle, WA), were cloned into the adaptor plasmid Cla12 (Hughes et al., 1987) to generate a modified adaptor plasmid, ClaH1. Oligonucleotides corresponding to small duplex RNAs were cloned into the BglII-HindIII site of ClaH1. Finally, the ClaI fragment from the modified ClaH1 was cloned into the ClaI site of the RCAT-BP vectors.
In initial tests of our vectors, we used the adaptor plasmids to insert sequences corresponding to green fluorescent protein (GFP) into the ClaI site of RCAT-BP or RCAS-BP. The sequence used was CCACTAC-CTGAGCACCCA. The plasmids were transected into QT-6 cells (American Type Culture Collection, Manassas, VA), and virions in the supernatant were used to infect cells of a QT-6 line that stably expressed GFP. Both RCAT-BP(GFP-RNAi) and RCAS-BP(GFP-RNAi) suppressed GFP expression, but the RCAT-BP virus was more effective than the RCAS-BP virus. Orientation of the ClaH1-derived cassette in the retroviral vector did not detectably affect RNAi; the reversed orientation was used thereafter.
Based on these results, we used RNAi prediction programs (SVM RNAi; Chang Bioscience, Castro Valley, CA) to design seven sequences corresponding to versican RNA. Each was cloned into RCAT-BP and tested in chick embryonic fibroblasts, which express endogenous versican; the fibroblasts were stained with a monoclonal antibody to versican (Yamagata et al., 1993a,b) . A vector containing the sequence CACATG-CAAGATGAAGTTG suppressed versican expression most effectively and was used thereafter.
To introduce the retroviral vectors into chick embryos, we generated RCAT-BP plasmids bearing two different envelope protein genes (A and B) (Hughes et al., 1987; Homburger and Fekete, 1996) and cotransfected them by in ovo microelectroporation (Momose et al., 1999) into the mesencephalon at Hamburger-Hamilton stage 11-12 (E2), using an ECM830 device (BTX, Holliston, MA). In this protocol, initially transfected cells generate virions that can then infect other cells. Incorporation of RCAT vectors, by transfection or infection, was monitored by staining tissue for the Gag protein, encoded by the viral gag gene. Significant gag expression was observed in tecta of ϳ50% of electroporated embryos. Of these, ϳ20% showed expression in nearly all tectal cells; the data shown here are from this heavily infected subset. In contrast, few retinal cells were gag positive.
Our method includes two improvements over a previous method for retrovirus-mediated RNAi in chick embryos (Kawakami et al., 2003) . First, placing the duplex RNA-expressing transcription unit in the LTR (in RCAT-BP) introduces two copies of the cassette into each cell by a single integration event (because of duplication of the 3Ј LTR during the reverse transcription that precedes integration), whereas only one is introduced in RCAS-BP. Second, the use of two distinct viral subgroups of envelope protein allows each cell to be doubly infected (Homburger and Fekete, 1996) .
Neuronal cultures on patterned substrates. To assess responses of retinal neurons to CSPGs, we generated cultures in which retinal axons extend-ing on a growth-promoting substrate (laminin plus poly-L-lysine) encountered patches in which CSPG was present along with the laminin/ poly-L-lysine. Three methods were used to generate patterned substrates. In the first method, small spots of the purified tectal CSPG fraction described above were sprayed onto glass coverslips using a biolistic device (Helios gene gun; Bio-Rad, Hercules, CA), essentially as described by Kummer et al. (2002) . The gene gun was loaded with 0.05 g of CSPG plus 1 g of fluorescein isothiocyanate-coupled bovine serum albumin (BSA) in10 l of distilled water. In the second method, 1 l drops of the same solution were applied manually to glass coverslips. In both cases, the coverslips were uniformly coated with 1 g/ml laminin (Invitrogen, Carlsbad, CA) plus 10 g/ml poly-L-lysine (Sigma) before CSPG was applied. In the third method, stripes of CSPG were applied atop laminin/ poly-L-lysine-coated Whatman (Maidstone, UK) 110605 membranes, using the device described by Walter et al. (1987) . In this case, 0.05 g of CSPG and 1 g of fluorescein-BSA were diluted in 150 l of PBS; fluorescein-BSA alone was used as a control.
Retinal explants were prepared as described by Yamagata and Sanes (1995a) based on the method of Drazba and Lemmon (1990) . Briefly, E7 chick retinas were spread photoreceptor side down on a concanavalin A-coated black nitocellulose membrane (Millipore, Billerica, MA) and sliced with a Sorvall (Newtown, CT) TC-2 tissue sectioner. Slices were cultured on the patterned substrates for 7 d in Neurobasal (Invitrogen) medium supplemented with 10% fetal bovine serum, 1 ng/ml brainderived neurotrophic factor (Promega, Madison, WI), and 4% B27 supplement (Invitrogen). For analysis, cultures were fixed and stained with antibodies to SV2 or L1/NgCAM.
Results
Proteoglycans as VVA ligands
The lectin VVA, which binds to GalNAc-terminated carbohydrates, selectively stains the retinorecipient laminae in the chick optic tectum (Yamagata et al., 1995) . Staining by VVA is blocked by free GalNAc but not by the closely related sugar GlcNAc (Scott et al., 1988; Piller et al., 1990; Yamagata et al., 1995) . Other lectins that recognize GalNAc-terminated carbohydrates stained in a similar pattern, whereas lectins that recognize other sugars did not stain the retinorecipient laminae selectively (Yamagata et al., 1995; Miskevich, 1999) . To seek tectal molecules recognized by VVA, we applied metabolically labeled tectal lysates to VVAagarose and sought material eluted by GalNAc-but not by GlcNAc-containing buffers. Gel electrophoresis and fluorography revealed two closely spaced bands in the GalNAc eluate: one of ϳ500 kDa and one so large that it barely entered separation gels (Ͼ800 kDa) (Fig. 1a) . Neither band was eluted from VVAagarose by GlcNAc or from unconjugated agarose by either GalNAc or GlcNAc. No other specifically eluted bands of Ͼ9 kDa were detected consistently. A band at ϳ250 kDa is visible in Figure 1a, but it was not present in other preparations and was not studied further.
To identify the large VVA-reactive species, we purified material from 300 tecta using VVA-agarose. The major band was excised from the gel, trypsinized, and subjected to MS. Twenty-four fragments were identified, all of which were derived from proteoglycans: 14 (58%) from versican ( Fig. 1b) , 6 (25%) from agrin, and 4 (17%) from aggrecan. This result suggests that the main VVA ligands are proteoglycans and that a predominant VVAreactive proteoglycan is versican.
To test this idea, we isolated proteoglycans from tecta (see Materials and Methods) and asked whether VVA bound to them after electrophoretic transfer to a membrane. The purified proteoglycans were large (Ͼ800 kDa) and transferred poorly to the membrane, so reactivity to VVA was difficult to assess. We therefore treated the material with chondroitinase ABC, which removes the majority of chondroitin sulfate chains from CSPGs. The digest contained a single major band of ϳ500 kDa, which reacted strongly with an antibody to the residual sugars of CSPGs (1B5) (Caterson et al., 1985) and with VVA (Fig. 1c) . From these results, we conclude that VVA binds to tectal CSPGs but not uniquely to their GalNAc-containing glycosaminoglycan moieties. Consistent with this idea, VVA does not bind to isolated glycosaminoglycans, including chondroitin, chondroitin sulfate, and heparan sulfate (Scott et al., 1988) . Instead, VVA may bind to other GalNAc residues N-or O-linked to the proteoglycans. The ϳ500 kDa band isolated from tectal lysates on VVA-agarose (Fig.  1a) is likely to comprise proteoglycan core proteins that bear few or short glycosaminoglycan chains, either because of heterogeneity in vivo (Schwartz, 2000) or because of deglycosylation during purification. 35 S]methioninelabeled E14 tecta were incubated with agarose or VVA-agarose, washed, and eluted with 10 mM GalNAc or GlcNAc. The eluted material was fractionated on a 5% SDS gel that was then developed fluorographically. The major bands migrated at ϳ500 and Ͼ800 kDa (arrowheads). The lines on left indicate the top and bottom of the stacking gel and dye front. b, Structure of alternatively spiced forms of versican: V0, V1, V2, and V3. The vertical lines below V0 show the location of 14 versican-derived peptides identified by MS. V, Immunoglobulin V domain; Link, link protein homology domain; PLUS, ␣ and ␤ alternatively spliced segments; EGF, epidermal growth factor-like domain; LC, lectin C-type domain; Sushi, complement control protein domain. The vertical bars above V0 show the sites at which glycosaminoglycan chains can be added. c, Proteoglycans isolated from optic tecta were digested with chondroitinase ABC (ϩChaseABC), fractionated, and probed with VVA. ϪChaseABC, Untreated proteoglycans; Enzyme, chondroitinase ABC alone. d, A duplicate immunoblot probed with monoclonal antibody 1B5, which recognizes the "stub" carbohydrate (CS) produced by chondroitinase ABC digestion. Both VVA and 1B5 recognize a ϳ500 kDa band (arrowhead).
Versican as a VVA ligand
We next used in situ hybridization to ask whether genes encoding versican or the other proteoglycans isolated on VVA-agarose, aggrecan and agrin, are expressed in the retinorecipient laminae of the tectum, which is selectively stained by VVA (Fig. 2a) . Because versican and aggrecan are structurally related lecticans, we also assessed expression of the other two members of this family, brevican and neurocan (Yamaguchi, 2000; Wight, 2002) . Of these five proteoglycans, only versican was selectively expressed in the retinorecipient laminae (Fig. 2b) . Versican-positive cells were detected in the retinorecipient laminae by E10, increased in number until ϳE14, and decreased in intensity over the next several days, but they were clearly detectable at least until hatching, the latest stage examined (data not shown).
In contrast, agrin mRNA was expressed by cells in all of the laminae (Fig. 2c) , aggrecan and brevican mRNAs were concentrated in the ventricular zone (Fig. 2d,e) , and neurocan mRNA was concentrated in deep (non-retinorecipient) laminae (Fig.  2f ) . Likewise, antibodies to agrin and chondroitin sulfate stained the tectum diffusely, and antibodies to aggrecan stained the stratum opticum and ventricular surface somewhat selectively (Yamagata et al., 1995) (Fig. 2g) . These expression patterns are consistent with the idea that the major tectal VVA-binding proteoglycan is versican. We do not know whether aggrecan and agrin are also VVA ligands or whether they coaggregate with versican (for example, via their association with hyaluronan) and therefore were copurified with versican on VVA-agarose.
Alternative splicing of the versican gene generates several isoforms that are expressed in distinct spatiotemporal patterns (Shinomura et al., 1993; Wight, 2002) . We used probes to two alternatively spliced segments (␣ and ␤) (Fig. 1b) to determine which isoforms are expressed in the tectum. The ␣ segment is present in V2 but not in V1, the ␤ segment is present in V1 but not in V2, both are present in V0, and neither is present in V3. Indistinguishable patterns were observed with ␣ and ␤ probes, suggesting either that the predominant form was V0 or that V1 and V2 were extensively coexpressed (data not shown). The molecular weight of the predominant band (ϳ500 kDa) (Fig. 1c) is most similar to that expected for V0, and this band contained peptides derived from both ␣ and ␤ segments, suggesting that V0 is the predominant form in the tectum. We also used reverse transcription-PCR to ask whether the chicken PLUS exon (Zako et al., 1997) (Fig. 1b) was present in tectal versican RNA; all detectable versican transcripts contained the PLUS exon (data not shown).
To critically test the idea that versican is the major VVAbinding molecule in the retinorecipient laminae, we asked whether VVA bound to retinorecipient laminae of tecta that had been selectively depleted of versican. For this purpose, we improved a previously reported method for expressing a small duplex RNA from a replication-competent avian retroviral vector (Fig. 3a) (see Materials and Methods). Nearly all cells were infected in tecta treated with control or versican-directed vectors (Fig. 3cЈ,dЈ) . Infection with a versican-directed vector shown initially to be effective in cultured cells (see Materials and Methods) markedly reduced levels of the VVA-binding, ϳ500 kDa band (Fig. 3b) and markedly reduced staining of retinorecipient laminae by VVA (Fig. 3d) . The effects of the RNAi were specific in that other markers of retinorecipient laminas were unaffected (Fig.  3e-h and data not shown) and infection with a control vector did not affect VVA staining (Fig. 3c) . This result provides direct evidence that versican is the major VVA ligand in the retinorecipient laminae. Versican is selectively expressed in the retinorecipient laminae (b), agrin and neurocan are broadly expressed (c, f ), and aggrecan and brevican are selectively expressed by cells that line the ventricle (d, e). g, Chondrotin sulfate (CS), stained with anti-stub antibody after chondroitinase digestion (see Fig. 1 legend) , is more broadly distributed than VVA-reactive material (g). Note that VVA staining survives chondroitinase digestion. D, Layer SGFS-D; V, ventricular surface. so, Stratum opticum. Scale bar: (in f ) a-f, 50 m; g, 25 m.
Characterization of versican-expressing tectal cells
The tectal retinorecipient laminae comprise sublaminae stratum griseum et fibrosum superficiale (SGFS)-B, -C, -D, and -F (for nomenclature, see Yamagata et al., 1995) . In situ hybridization showed that versican-positive cells were most numerous in SGFS-D/F, with declining numbers in -C and -A/B (at E15, SGFS-A and -B are merged, as are SGFS-D and -F) and very few outside of the retinorecipient laminae (Figs. 2b, 4a) . Because the main versican-expressing cells described to date in mammalian brain are glia (Niederöst et al., 1999; Asher et al., 2002) , we suspected that versican might mark a lamina-restricted glial subpopulation in the tectum. However, no versican-positive cells in the retinorecipient laminae were labeled by an antibody to the best available marker for the tectal glia glutamine synthetase (Linser and Moscona, 1981) (Fig. 4c) . Moreover, the morphology of versican-positive cells (Fig. 4cЈ) resembled that of horizontally oriented interneurons, which extend their processes parallel to tectal laminas (Hunt and Brecha, 1984) . We therefore asked whether versican was expressed by neurons.
In studies to be reported elsewhere, we characterized three lamina-restricted neuronal subtypes in the retinorecipient laminae: reelin-positive neurons in the superficial portion of SGFS-A/B, substance P receptor-positive neurons in the deeper portion of SGFS-A/B, and neuropilin-1-positive neurons in SGFS-D (M. Yamagata, J. A. Weiner, and J. R. Sanes, manuscript in preparation; Yamagata and Sanes, 1995b) . The three markers are expressed in mutually exclusive neuronal subsets. Double-label in situ hybridization revealed that versican is expressed by some of the neurons that expressed each of these three markers (Fig. 4d-f ) . Consistent with the gradient of versican expression, ϳ80% of neuropilin-1-positive neurons in SGFS-D, ϳ50% of substance P receptor-positive neurons in deep SGFS-A/B, and ϳ5% of reelinpositive neurons in superficial SGFS-A/B were versican positive. Thus, versican is expressed in a graded, lamina-specific pattern by multiple neuronal subtypes (Fig. 4b) .
Effects of versican on RGC neurites
Results presented so far indicate that retinal axons encounter versican when they enter the retinorecipient laminae of the tectum. To ask whether versican affects retinal axonal behavior, we used retinal explants. The only neurites that extend from such explants onto substrates coated with laminin plus poly-L-lysine are those of RGCs (Halfter et al., 1983) . We could therefore ask how such neurites behaved when they encountered deposits of versican coated atop the laminin/polylysine. As a source of versican, we used a high-density proteoglycan fraction purified from the tectum at E14 -E15 (Fig. 1b) , a time at which RGC axons are actively arborizing in the tectum (Yamagata and Sanes, 1995a) . Versican is the major component of this fraction, but smaller amounts of other proteoglycans may also be present.
In initial studies, we placed large (Ͼ200 m) spots of versican or BSA atop laminin/polylysine. Neurites growing on laminin/ polylysine crossed unimpeded onto BSA (Fig. 5b ) but stopped at 4 demonstrates depletion of the ϳ500 kDa versican species from tecta infected with the RNAi vector. Tecta were infected at E2 and analyzed at E17 as in Figure 1c . Results from one embryo infected with a control virus (RCAT) and two embryos infected with RNAi virus (RCAT-V3R#6, RCAT-V3R#7) are shown. c-h, Sections from control virus-infected (c, e, g) and RNAi virusinfected (d, f, h) tecta were stained with VVA (c, d), anti-gag (c, d), anti-␥-catenin (␥-cat; e, f ) or anti-AChR-␤2. Gag staining shows that tecta were infected extensively. VVA stains versican-depleted tectum poorly, but tectal structure and location of ␥-catenin-and AChR-␤2-positive retinal axons are not detectably perturbed. SO, Stratum opticum. Scale bar, 60 m. (Fig. 5a ). This result confirms the repulsive or inhibitory effect of versican on neurite outgrowth reported previously (Schmalfeldt et al., 2000) .
In cultures stained with antibodies to the synaptic vesicle component SV2, we observed accumulations of vesicle-rich puncta at versican borders (Fig. 5c) . However, the extensive fasciculation of neurites at those borders made it impossible to determine whether vesicle clustering was a direct response to versican or a consequence of fasciculation. We therefore generated fields of smaller versican-rich spots (ϳ1-5 m) using a biolistic device (Kummer et al., 2002) . Only a few neurites encountered each of these spots, so little fasciculation occurred. In such cultures, small SV2-rich puncta were distributed along neurites generally, but the largest SV2-rich puncta were found regularly at the perimeter of versican spots (Fig. 5d,e) . Large accumulations were not observed at the perimeter of BSA-coated spots (data not shown). This result suggests that versican promotes formation or enlargement of vesicle-rich varicosities.
To quantify the effect of versican on vesicle aggregation, we generated patterns of alternating versican-rich and -poor stripes using the device described by Walter et al. (1987) . As expected, neurites grew preferentially on laminin/polylysinecoated lanes. At intermediate versican levels, however, many neurites crossed onto the laminin/polylysine/versican-coated lanes. Large SV2-rich puncta (Ͼ4 m 2 ) were ϳ4-fold more frequent on versicancontaining than on versican-free lanes (Fig. 5f,h ), whereas the control protein had no effect on puncta size or number (Fig. 5g,h ). Thus, in addition to exerting an inhibitory effect on neurite outgrowth, versican promotes clustering of synaptic vesicles, a key step in presynaptic maturation. Treatment of immobilized versican with chondroitinase ABC decreased its ability to promote vesicle clustering significantly and abolished its inhibitory effect on neurite growth, suggesting that the chondroitin sulfate chains are necessary for both activities but that they may not be sufficient for the vesicle clustering activity (data not shown).
Versican promotes maturation of retinal axonal arbors in vivo
To ask whether versican affects formation or maturation of retinal arbors in vivo, we suppressed versican production in tecta using the RNAi method described above. Retinorecipient laminae of both control and versican-depleted tecta were intensely stained by antibodies to markers of RGCs axons (Ng/CAM, neurofilament M, ␥-catenin, and AChR-␤2) (Yamagata et al., 1995; Inoue and Sanes, 1997; Miskevich et al., 1998) (Fig. 3e,f and data not shown). Thus, versican is not essential for the entry of axons into the retinorecipient laminae. However, antibodies to two components of synaptic vesicles, SV2 and synaptotagmin, revealed that vesicle-rich puncta in retinorecipient laminae were smaller, on average, in versican-depleted than in control tecta, which had been treated with a virus that did not contain interfering RNA (Fig. 6a,b and data not shown) . This effect is consistent with that seen in vitro and supports the idea that versican promotes presynaptic maturation.
To quantify the effect of versican on bouton size, we measured the size of puncta stained by anti-synaptotagmin, using computer-aided morphometric analysis of thresholded images (Fig. 6aЈ,bЈ) . The density of large puncta (Ͼ4 m 2 ) in versicandepleted tecta was ϳ10% that in control tecta (Fig. 6c) . The total number of puncta and the density of the smallest puncta (Ͻ1 m 2 ) did not differ significantly between depleted and control tecta, consistent with a role for versican in varicosity growth.
Several results indicate that the role of versican in promoting formation or growth of varicosities is a specific one. First, analysis with multiple markers showed no effect of versican depletion on tectal development (Fig. 3 and data not  shown) . Second, even if some developmental retardation had occurred in the days before analysis at E17, it could not have accounted for the effect on varicosity size, because the density of large puncta (Ͼ4 m 2 ) changed little between E14 and E18 in control tecta (Fig. 6d) . Third, RNAi had no significant effect on puncta size in a non-retinorecipient lamina (SGFS-H) that contains little versican (Fig. 6e) . Fourth, RNAi had no significant effect on the numbers of excitatory or inhibitory postsynaptic sites (stained with anti-PSD-95 or anti-gephyrin, respectively) (Fig. 6h,k) . Together, these results indicate a selective and local effect of versican on presynaptic maturation.
The effects of versican on the size of vesicle-rich puncta might reflect a decrease in vesicle density or a decrease in the size of the entire presynaptic varicosity. In either case, versican might affect retinal axons or synapses in the retinorecipient laminas derived from non-retinal inputs. To distinguish these alternatives, we analyzed retinal arbors that had been selectively impregnated by application of a lipophilic dye, DiI, to the optic tract (Yamagata and Sanes, 1995a) . In controls analyzed at E17 (Fig. 7a,b) , arbors are branched, confined to a single retinorecipient sublamina, and bear large varicosities that correspond to presynaptic profiles (see Discussion). Depletion of versican had no detectable effect on the complexity and laminar restriction of retinal arbors (Fig. 7c,d and data not shown) . In contrast, the number of varicosities per arbor was significantly decreased in versican-depleted tecta (ϳ25%; p Ͻ 0.01 compared with control by 2 test) (Fig. 7e) , and the average diameter of varicosities was dramatically decreased (Ͼ70% decrease in the number of varicosities with an area Ͼ4 m 2 ; p Ͻ 0.001 by 2 ) (Fig. 7e) . These results support the idea that versican promotes maturation of presynaptic specializations in retinal axons.
Discussion
Versican as a laminar marker
The initial descriptions of versican emphasized its expression by fibroblasts and abundance in connective tissue (for review, see Wight, 2002) . Subsequent studies documented its presence in the developing and adult CNS (Milev et al., 1998; Schmalfeldt et al., 1998; Popp et al., 2003 Popp et al., , 2004 Schweigreiter et al., 2004) . In general, versican is believed to be synthesized primarily by glial cells Niederöst et al., 1999; Asher et al., 2002) and to be expressed at higher levels in postnatal than in embryonic brain (Bignami et al., 1993; Milev et al., 1998) . In the chick tectum, in contrast, versican is expressed primarily by neurons and at higher levels in mid-embryonic than in late embryonic stages.
Remarkably, versican is expressed by neurons confined to just a few of the 16 tectal laminae, the retinorecipient laminae (SGFS-B/F). In that sense, it is a laminar marker. Within the retinorecipient laminae, versican is expressed by a subset of interneurons that is heterogeneous in two respects. First, it is neurochemically diverse, including reelin-expressing neurons in SGFS-A/B, substance P receptorexpressing neurons in SGFS-B, and neuropilin-1-expressing neurons in SGFS-D. In this respect, versican expression correlates better with laminar position per se than with a neurochemically defined interneuronal subtype. Second, the number of interneurons that express versican is graded within the retinorecipient laminas, from highest in SGFS-D/F to lowest in SGFS-A/B. This pattern raises the possibility that versican proteoglycan is also distributed in a graded manner, such that retinal axons penetrating the tectum grow "up" a gradient. Because high levels of versican inhibit neurite outgrowth, a graded distribution may help restrict retinal axons to the retinorecipient laminae and may also provide a way for axons to optimize the synaptogenic effects of the proteoglycan. Unfortunately, attempts to obtain direct evidence that versican proteoglycan distribution is graded have so far been unsuccessful. The monoclonal antibody that we used to detect versican in fibroblasts is known to recognize unrelated epitopes in tissue (Zako et al., 2002) , and other antibodies we obtained were unsatisfactory for immunohistochemical staining (Yamagata, unpublished data) . However, VVA staining strikingly supports the idea that versican proteoglycan is restricted to retinorecipient laminae in the tectum.
Versican as a VVA ligand
Several lines of evidence indicate that versican is the major tectal ligand recognized by the lectin VVA, which we showed previously to mark the retinorecipient laminae (Yamagata et al., 1995) . First, versican is the major species purified from the tectum using VVA-agarose. Second, the selective staining of retinorecipient laminas by VVA is consistent with the selective expression of versican by interneurons in these laminae. Third, depletion of versican from the tectum by RNAi leads to a dramatic loss of VVA staining.
Although the evidence is strong that versican is a major VVA ligand, we cannot conclude that versican accounts for all of the VVA-binding material in the tectum. Other tectal proteoglycans may also bind VVA, although their patterns of expression, and loss of VVA staining after versican depletion, suggests that they are not major ligands. Instead, we suspect that these proteoglycans copurified with versican. At the neuromuscular junction, VVA binds to acetylcholinesterase (Scott et al., 1988 ), dystroglycan (McDearmon et al., 2001 , and still-unidentified glycoproteins (Martin and Sanes, 1995; Martin et al., 1999) and glyolipids (Scott et al., 1988) . Some of these may be present in the retinorecipient laminae as well.
Likewise, we do not conclude that all versican molecules in the tectum bind VVA. Versican is present in multiple, alternatively spliced forms and is heterogeneous in its glycosylation (Zako et al., 1997) . Only some forms may bear the VVA-binding sugars. Such heterogeneity might account for difference between the graded expression of versican discussed above and the relatively lamina D-specific staining of retinorecipient laminas by VVA. An intriguing possibility is that a lamina-specific glycosylation mechanism (Scott et al., 1990; Li et al., 2000) selectively modifies a subset of versican core proteins. . n ϭ 28 fields from 14 control tecta and 30 fields from 15 RNAi-treated tecta. d, Density of large puncta (size classes 3 and 4) in lamina D changes little in control tecta between E14 and E18 (n ϭ 8 -28 fields) but is lower in RNAi-treated than control tecta at E17 (**p Ͻ 0.01; t test). e, The density of large puncta in lamina H, which is poor in versican, is not affected by RNAi treatment. f-k, RNAi does not significantly affect the number of PSD-95-positive (f, g, j) or gephyrin-positive (h, i, k) puncta in lamina D at E17 (n ϭ 4 fields from 2 tecta). Scale bar, 5 m.
Versican as a regulator of synapse structure CSPGs, including versican, have been implicated in stabilization of synaptic connections in the maturing postnatal brain and in impeding regeneration after injury to the adult brain (see references in Introduction). Our results demonstrate a role for versican in an earlier aspect of neural development, the maturation of presynaptic structures. In vitro, large vesicle-rich varicosities formed at sites where neurites contacted versican. In vivo, selective elimination of versican led to reductions in the size of such varicosities. Correlative Golgi and electron microscopic studies have shown that the varicosities of retinal axons are variable in size; many are large (4 -6 m in the long dimension), glomerular in form, and contain multiple release sites (Hayes and Webster, 1975; Angaut and Repérant, 1976; Tömböl and Németh, 1999; Tömböl et al., 2003) . The selective effect of versican on large varicosities might indicate that it plays a role in the transformation of simple into complex presynaptic structures. Although versican does not detectably affect postsynaptic structure in general (Fig. 6f-k) , we do not know whether it affects the postsynaptic sites at synapses formed by retinal axons.
The effects we document in embryos may be related to the roles of CSPGs in synaptic stabilization. Lecticans, including versican, are principal components of perineuronal nets, which encapsulate neuronal somata and proximal dendrites (Celio et al., 1998; Yamaguchi, 2000; Matthews et al., 2002; Dityatev and Schachner, 2003) . Based on their localization and development, perineuronal nets have been proposed to play an important role in the regulation of synaptic structures. Interestingly, GalNActerminated carbohydrates recognized by lectins such as VVA are characteristic components of perineuronal nets in the adult brain (Bertolotto et al., 1995; Ohyama and Ojima, 1997; Celio et al., 1998) . We were unable to detect discrete perineuronal nets in embryonic chick tectum but speculate that the VVA-binding versican may play roles in embryos similar to those played by nets at later stages and may eventually coalesce into such nets.
How might versican control presynaptic development? Possibilities include the following. (1) Versican is anti-adhesive to many cell types (Yamagata et al., 1989 (Yamagata et al., , 1993b and repels neurites (present study; Schmalfeldt et al., 2000) (but see Wu et al., 2004) . Versican could concentrate presynaptic structures in discrete axonal segments by mechanical constriction, thereby leading to their expansion. (2) Versican bears multiple active sites that interact with a variety of receptors, including annexin 6, CD44, and integrins (Kawashima et al., 2000; Takagi et al., 2002; Wu et al., 2002) , all of which are expressed in the nervous system. Such interactions activate signal transduction pathways (Zhang et al., 1998; Schweigreiter et al., 2004 ) that could lead to presynaptic differentiation. (3) Versican interacts not only with cells but also with other components of the ECM, including tenascin-R, link proteins, fibulin, and hyaluronan Aspberg et al., 1997; Olin et al., 2001; Matsumoto et al., 2003) . Presentation of these molecules might promote presynaptic differentiation.
In a previous study, we showed that application of VVA to tecta, in vivo or in vitro, inhibited arborization of retinal axons in the retinorecipient laminae (Inoue and Sanes, 1997) . This result is related to but clearly distinct from the defect in presynaptic differentiation documented here after versican depletion. What could account for the difference? Based on data discussed above, possible reasons include the following. (1) Versican might interact with multiple receptors on neurons. Whereas versican knockdown would disrupt all such interactions, VVA might only disrupt a subset of them. (2) VVA may have tectal ligands other than versican. Thus, VVA may disrupt interactions of neurites with more than just versican. (3) Versican binds to and organizes multiple ECM components. Depletion of versican may secondarily lead to loss of these other components, whereas VVA treatment is unlikely to have this effect. (4) VVA has ligands on presynaptic as well as postsynaptic elements (Martin et al., 1999) , so treatment with VVA might affect neurites directly as well as block their interactions with tectal ligands.
Although additional studies will be needed to distinguish these alternatives, it is noteworthy that a lamina-restricted ECM component and the lamina-restricted carbohydrate it presents Figure 6c . The difference between control and RNAi arbors was significant at p Ͻ 0.001 ( 2 test). The total number of varicosities (gray bar in e) is ϳ25% lower in RNAi-treated than control arbors ( p Ͻ 0.01; act cooperatively to promote lamina-specific synapse formation as the tectum develops. Perhaps related molecular interactions between axons and their pericellular environment promote synaptic maturation during development and synaptic stability postnatally.
